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I n t r o d u c t i o n  
The a c t i v i t y  o f  a l k a l i  metal s a l t s  as c a t a l y s t s  f o r  steam g a s i f i c a t i o n  

on carbon surfaces has been w e l l  The k i n e t i c s  o f  cata lyzed 

g a s i f i c a t i o n  w i t h  potassium s a l t s  on carbon and the  data obtained from 
charac te r i z ing  a1 k a l i  metal t rea ted  carbon i s  cons i s ten t  w i t h  potassium i n  a h i g h l y  

dispersed and i o n i c  ~ t a t e . ( ~ - ~ )  
The r a t e  o f  potassium cata lyzed g a s i f i c a t i o n  on bituminous coals, when 

p l o t t e d  as a f u n c t i o n  o f  carbon conversion, tends t o  decrease a t  h ighe r  carbon 
conversions and can be h i g h l y  v a r i a b l e  depending on t h e  source o f  coal and method o f  
c a t a l y s t  treatment. The mechanism(s) o f  c a t a l y s t  deac t i va t i on  are n o t  we l l  
understood; loss o f  potassium s i t e s  due t o  r e a c t i o n  w i t h  minera l  matter, l i m i t e d  

m o b i l i t y  a f t e r  i n i t i a l  reac t i on ,  detachment from the  coal sur face and co l lapse o f  
pore s t ruc tu re  have a l l  been suggested as A key f a c t o r  i n  developing 

a fundamental understanding o f  t h e  change i n  r a t e  behavior  w i l l  be the a b i l i t y  t o  
accurate ly  count the  popu la t i on  o f  a c t i v e  a l k a l i  s i t e s  du r ing  g a s i f i c a t i o n  as a 
funct ion of carbon conversion. 

We have r e c e n t l y  found t h a t  carbon d i o x i d e  chemisorbs i n  an i r r e v e r s i b l e  
manner on the  surface o f  potassium t r e a t e d  Spherocarb, a h igh  sur face area 

carbon.") The molar  q u a n t i t y  o f  C02 adsorbed on t h i s  sur face a t  300°C, a f t e r  
i n i t i a l  thermal t reatment  a t  850"C, co r re la ted  w i t h  the  l e v e l  o f  potassium loading 

and suggested a f a c i l e  method o f  measuring a l k a l i  d i spe rs ion .  The va lue o f  0.5 t o  
0.6 adsorpt ion s i t e s  per  K20 impregnated on the  sur face a l s o  agreed w i t h  the i n i t i a l  

number Of a c t i v e  s i t e s  measured b y  the  d e r i v i t i z a t i o n  technique.'") 

The purpose o f  t h i s  i n v e s t i g a t i o n  has been t o  e s t a b l i s h  C02 
chemisorption as a t o o l  t o  s e l e c t i v e l y  measure t h e  popu la t i on  o f  a c t i v e  a l k a l i  s i t e s  
on gas i f i ed  coal chars and t o  determine the  s p e c i f i c  a c t i v i t y  o r  turnover  number of 
t h e  a c t i v e  s i t e s  under g a s i f i c a t i o n  condi t ions.  

* CUrrent address: Union O i l  Company o f  C a l i f o r n i a ,  Union Science and Technology 
D i v i s i o n ,  P. 0. Box 76, Brea, C a l i f o r n i a ,  92621. 
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I' 

Experimental 

Samples o f  bituminous coals were obta ined i n  5 g a l l o n  conta iners from t h e  
mines under a n i t r o g e n  atmosphere. The coals are i d e n t i f i e d  by mine and s t a t e  as: 
Monterey No. 1, I l l i n o i s  16, Hawk's Nest, Colorado; Val ley Camp, Utah; Walden, 
Colorado. The samples were sealed i n  an i n e r t  atmosphere fo r  shipment and opened i n  
a c o n t r o l l e d  atmosphere dry  box. Impregnation o f  t he  coals w i t h  aqueous so lu t i ons  
o f  potassium carbonate o r  potassium hydrox ide were performed i n  a c o n t r o l l e d  
atmosphere environment by the  method o f  i n c i p i e n t  wetness. A l k a l i  s a l t s  were 
obta ined commercial ly (reagent grade K2C03, u l t r a  pure KOH,) w i t h  aqueous so lu t i ons  
prepared imnediate ly  before impregnation. A f t e r  impregnation, t h e  samples were 
d r i e d  under i n e r t  atmosphere and s tored i n  sealed g lass vessels. While an apparent 
d ispers ion was observed w i t h  a l l  KOH t r e a t e d  coals, t he  K2CO3 t r e a t e d  coals  requi red 
rewet t ing the  samples, fo l lowed by s t i r r i n g  and d ry ing  t o  ob ta in  an even d i spe rs ion  
o f  K2CO3. 

Adsorption and g a s i f i c a t i o n  s tud ies  were performed w i t h  a M e t t l e r  2000C 
TGA/DSC thermal ana lys i s  u n i t  equipped w i t h  a co r ros i ve  gas head ('1 and a 
DuPont 951 TGA u n i t  w i t h  a pressur ized housing f o r  operat ion up t o  500 p s i g  (F igu re  

The load ing  o f  potassium was i n  the  range of 7-10%. 

11). 

Technique f o r  Adsorption, G a s i f i c a t i o n  

The adsorpt ion p roper t i es  o f  bituminous coal and cata lyzed coal samples 
were measured by means o f  the fo l l ow ing  procedure. A sample of  approximately 80 
m i l l i g rams  was loaded i n t o  a ceramic c r u c i b l e  w i t h  an equiva lent  amount o f  SP-1 
g raph i te  prepared i n  a c r u c i b l e  o f  i d e n t i c a l  c o l o r  and approximately the  same 
mass. The preweighed c r u c i b l e s  were loaded onto t h e  TGA/DSC p l a t f o r m  and outgassed 
a t  ambient temperature by m i l d  evacuation (10-3m) f o r  one h a l f  hour. The sample 
and reference ma te r ia l  were subsequently temperature programmed a t  29.g0/min. t o  
85OOC i n  f l ow ing  helium. A f t e r  heat treatment, samples were cooled t o  the  des i red  
temperature o f  3OOOC f o r  adsorpt ion s tud ies.  While the  sample was mainta ined a t  t he  
se lected isothermal temperature, a measured f l ow  o f  C02 was in t roduced i n t o  the  
hel ium c a r r i e r .  The reac t i ve  gas f low, as measured by the  Tylan f l ow  meter, was 
maintained a t  2cc per  minute w i t h  the c a r r i e r  f l o w  o f  20cc per minute helium; thus a 
p a r t i a l  pressure r a t i o  o f  1 : l O  o f  C02 t o  i n e r t  c a r r i e r  was u t i l i z e d  du r ing  the  
ad so r p  t i on study . 

Adsorpt ion o f  C02 was monitored by weight gain recorded on a s t r i p  
cha r t .  Adsorption was normal ly  rap id  w i t h  a p la teau i n  t o t a l  weight rees tab l i shed  
i n  15-30 minutes. The mixed gas stream was rep laced w i t h  a pure hel ium stream w i t h  
a second pe r iod  o f  10-15 minutes al lowed f o r  any subsequent change i n  weight. The 
t o t a l  adsorbed gas could thus be -d iv ided i n t o  phys ica l  and chemical adsorbed 
f rac t i ons  as the  former was desorbed when the reac t i ve  gas was replaced by hel ium 
and the  l a t t e r  was re ta ined  as a net weight gain. 

A measured f l ow  o f  COP o r  H20 vapor was mixed w i t h  the  He c a r r i e r  gas 
f l ows  and the  temperature o f  the sample was ra i sed  t o  an isothermal  va lue o f  700- 
8OOOC t o  perform p a r t i a l  g a s i f i c a t i o n  o f  the char. A f te r  a steady s t a t e  pe r iod  was 
establ ished,  t he  r a t e  o f  weight l oss  per  u n i t  t ime was obtained. The r e a c t i v e  gas 
f low was subsequently terminated and the above described procedure was repeated f o r  
C02 measurement o f  t h e  a c t i v e  s i t e  density. 
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High pressure measurements were performed on a mod i f i ed  OuPont 9 5 1  TGA 
which had been enclosed i n  a pressur ized housing (F igu re  1) .  A s i m i l a r  procedure 
was used t o  ob ta in  t h e  r a t e  o f  g a s i f i c a t i o n ;  t he  reac t i ve  gas composit ion was 30% 
H20, 7% CO, 13% C02, 15% CH4 and 3 5 %  H2. Operating cond i t i ons  were 5 0 0  ps ig  and 
705OC.  Adsorption measurements w i t h  C 0 2  were obtained a t  300°C,  one atmosphere 
pressure, by the  procedure described above w i t h  a f low of N2 as the i n e r t  c a r r i e r  
gas. 

Resul ts  and Discussion: 

Adsorpt ion o f  C 0 2  was examined on each o f  the neat coals a f t e r  thermal 
treatment t o  85OOC. While phys i so rp t i on  was observed a t  lower temperatures ( 100°C)  
i n  a l l  cases, on l y  Walden and Val ley Camp chars revealed any measureable 
chemisorption a t  300OC.  The thermal desorpt ion p r o f i l e  o f  Walden o r  Val ley Camp 
chars a f t e r  032 adsorpt ion i d e n t i f i e d  CaCO3 format ion from C02 i n t e r a c t i o n  with CaO 
as the source o f  t h e  chemisorption. The quan t i t y  o f  C 0 2  was always an order o f  
magnitude lower than adsorpt ion on a l k a l i  t r e a t e d  chars. A d i sp lay  o f  the quan t i t y  
o f  C02 adsorbed on K2CO3 and KOH t r e a t e d  coals  i s  shown i n  Figures 2 and 3. The 
molar  quan t i t y  o f  C 0 2  adsorbed (measured by TGA) has been normalized w i t h  the molar 
quan t i t y  o f  impregnated potassium s a l t  t o  represent r e l a t i v e  d i spe rs ion  values on 
t h e  o rd ina te  axes. As t h e  chemisorption measurement w i t h  C02 i s  performed a f t e r  
each thermal heat c y c l e  t o  85OoC i n  i n e r t  atmosphere, on ly  a c t i v e  potass iun s i t e s  
which are bonded t o  the  carbon w i l l  chemisorb C02. Any f r e e  potasium oxide, 
hydroxide, o r  bas i c  s a l t  w i l l  i r r e v e r s i b l y  adsorb C02 on the  f i r s t  cyc le  and remain 
as thermal ly  s tab le  K2C03. Thus, t he  e f f i c a c y  o f  the technique ‘ i s  i t s  a b i l i t y  t o  
s e l e c t i v e l y  measure on ly  t h e  a c t i v e  potassium complexes bonded t o  t h e  carbon 
surface, as they regenerate on each thermal heat ing c y c l e  t o  85OOC i n  He. 

The s i m i l a r i t y  o f  the four  bituminous coals i n  t h e i r  number o f  a v a i l a b l e  
a c t i v e  s i t e s  i s  i n  c o n t r a s t  t o  the  h igher  and more constant value o f  K2CO3 
impregnated Spherocarb (800m2/g, mineral f r e e  amorphous carbon) as shown i n  the 
d o t t e d  l i n e  of F igure #2. The low populat ion o f  a c t i v e  s i t e s  on t h e  KOH and K2CO3 
t rea ted  coal chars may represent a l i m i t e d  sur face area, as r e c e n t l y  repor ted by 
Shadman.(”) The lower  i n i t i a l  values on KOH - coals  do not correspond t o  lower 
surface areas w i t h  our  BET measurements, but  do c o r r e l a t e  i n  a p o s i t i v e  manner w i t h  
lower  v o l a t i l e  ma t te r  re lease on i n i t i a l  thermal tereatment. Deposi t ion o f  carbon 
o r  n o n - v o l a t i l e  carbonaceous res idue on the a c t i v e  base s i t e s  may l i m i t  the 
a v a i l a b i l i t y  o f  a l k a l i  a f t e r  i n i t i a l  thermal treatment. F rank l i n ,  Peters and Howard 
have de ta i l ed  the  e f f e c t  o f  mineral mat ter  and espec ia l l y  i n  exchanged a l k a l i  on 
reduci  t he  v o l a t i l e  ma t te r  and tar upon p y r o l y s i s  o f  bituminous and sub-bituminous 

The g rea te r  reduct ion i n  v o l a t i l e  mat ter  w i t h  KOH vs. K2CO3 t rea ted  
coals ,  due t o  the  s t ronger  base, most probably r e s u l t s  i n  a h igher  l o c a l i z e d  coating 
of condensed t a r  on t h e  a c t i v e  a l k a l i  s i t e s .  The temporary “po isoning”  o f  the s i t e s  
t o  C 0 2  adsorpt ion i n  KOH o r  K2CO3 t r e a t e d  chars i s  removed a f t e r  t h e  i n i t i a l  5-10% 
g a s i f i c a t i o n .  

The maximum popu la t i on  o f  s i t e s  i n  the  2 0 - 5 0 %  char conversion range, 
represent ing about 3W d ispe rs ion  o f  K20, i s  on l y  one-half the value obtained w i t h  
Potassium impregnated Spherocarb. I n t e r a c t i o n  o f  t he  bas ic  potassium s a l t s  w i t h  the 
minera l  ma t te r  may w e l l  have consumed a p o r t i o n  o f  t he  impregnated s a l t  (7) i n  
a d d i t i o n  t o  a poss ib le  lower  d i spe rs ion  o f  t h e  s a l t s  on the lower surface area 
chars. The d e c l i n e  i n  t h e  s i t e  populat ion a t  60-90% carbon conversion i nd i ca tes  the 
continued n e u t r a l i z a t i o n  of t he  a l k a l i  w i t h  minera l  mat ter  i n  a d d i t i o n  t o  the 
detachment o f  a l k a l i  from t h e  carbon. 
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When the r a t e  o f  g a s i f i c a t i o n  w i t h  COP i s  corrected f o r  t h e  populat ion o f  
a c t i v e  s i t e s  a t  each l e v e l  o f  char conversion, a s p e c i f i c  a c t i v i t y  o r  t u rnove r  
number can be obtained. The turnover  number f o r  Val ley Camp and Hawk's Nest coal 
(both impregnated w i t h  KOH) as a func t i on  o f  char conversion are shown i n  Figure #4 
f o r  C02 g a s i f i c a t i o n .  The constant value o f  t he  turnover  number f o r  t h e  e n t i r e  

i range of char conversion now establ ishes the dens i t y  o f  a c t i v e  potassium s i t e s  as 
t h e  r a t e  c o n t r o l l i n g  parameter i n  CO2 g a s i f i c a t i o n  o f  these coals. While t h e  
r e s u l t s  i n  Figure #4  c l e a r l y  remove the quan t i t y  o f  carbon i n  the  char as a r a t e  
c o n t r o l l i n g  parameter, t he  change i n  the concentrat ion o r  composit ion o f  t he  vapor 
phase reactant  atmosphere i s  a lso known t o  a f f e c t  cata lyzed g a s i f i c a t i o n .  Samples 
of t he  same impregnated Val ley Camp and Hawk's Nest coals  have been s tud ied  under 
h igh  pressure cond i t i ons  w i t h  a r e a c t i v e  atmosphere t y p i c a l  o f  a f l u i d  bed 
s t e a d c o a l  g a s i f i c a t i o n  environment. The p l o t  o f  turnover  number vs char conversion 
under t h i s  set  o f  reac t i on  condi t ions i s  shown i n  Figure #5. The d i f f e r e n c e  i n  the  
average turnover  number shown f o r  t he  two sets  o f  g a s i f i c a t i o n  cond i t i ons  can be 
a t t r i b u t e d  t o  d i f f e rences  i n  r e a c t i v i t y  o f  the two gas atmospheres. It i s  again 
obvious t h a t  t he  constant turnover  number for potassium over t h e  range o f  char 
conversion confirms the r a t e  c o n t r o l l i n g  nature o f  t he  potassium s i t e  dens i t y  f o r  
coal  gas i f i ca t i on .  

Summary : 

Chemisorption o f  C02 a t  3OOOC provides a s e l e c t i v e  and r a p i d  technique t o  
measure the  a c t i v e  s i t e  dens i t y  o f  a l k a l i  c a t a l y s t s  on coal a t  i n t e r m i t t e n t  per iods 
o f  coal g a s i f i c a t i o n .  With a thermal balance/reactor, t he  s p e c i f i c  a c t i v i t y  per  
c a t a l y s t  s i t e  ( turnover  number) has been measured f o r  cata lyzed g a s i f i c a t i o n  o f  C02 
or steam/product gases w i t h  bituminous coals. The s i t e  dens i t y  o f  potassium on 
carbon as the r a t e  c o n t r o l l i n g  parameter i n  g a s i f i c a t i o n  o f  coal as shown by a 
constant  va lue f o r  t he  turnover  number over the  f u l l  range o f  char conversion. 
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Figure 2 ,  Dispersion o f  KOH t r e a t e d  coal chars vs carbon conversion as measured by 
COP chemisorption a t  300'C. 
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F igure  3. Dispersion of KzC% Treated  coal  chars vs carbon conversion as measured by 
C02 chemisorption a t  30OoC. 
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Figure 5. Speci f ic  a c t i v i t y  pe r  s i t e  o f  KOH t r e a t e d  coals  vs carbon conversion; 
HpO/C02/recycle atmosphere g a s i f i c a t i o n ,  500 psig, vs carbon conversion; 
0 Val ley Camp, A t i a w k ' s  Nest. 
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